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INI:LUEN(X OF LOADING RATEON‘1’111; MI: CHANICAL RESI’ONSE AND
SUIIS’1’RUCTURI: EVOLU-l’lON 01: S1 IOCK-LOADEII” COPP1:R

, ,.-

G.T. Gray 111and C.E. Morris
Los Alamos Nar.iomdLaboratory
Las Almnos, New Mexico 87545 USA

A12slrw - Shock recovery experirncnls on copper have been conducted to investigate the
influence of loading rate and stress ilrnplitude on dcfcc[ storage and post-shock mechanical
properties. The shock nsctimcs vit.ricd itpproximatcly from one rutnosccond for the shock
experiments to onc microsecond for quasi-isentropic loading experiments. AH the experiments
hitd the same peak pressure and ptilsc duration, Decreasing the strain-rate of loading is shown to
increase bath the defect storitgc and post-shock yield strcngdl of copper. The effect of Ioitding
rare on post-shock substn.rcturc and mcchimical response of impacted copper is postlil~td to “M
directly rclmcd to the itmount of dislocation motion before intcrilction with other dislocations it.nd
m [hc umount of rcvcrsiblc didocit[k)n motion irnd rcsultunt annihilation during the ra.rcfi~ctimt
portion of the shock-rc]casc cycle.

Shock hxding in most mc[itls and alloys produces grcittcr hidcl~ing thiltl quasi-stmic dcfwmtion to the
swnc tot:d s[r:lin, p:lrticuhrly if Ihc t~l~[illundergoes it polynwphic plmc transition, such us observed in
iron /1,2/, ‘Il]is phcnomcnm h:ls been ilt[rib~l[~(ito the vm-yhigh s[rilitl riltcs associ:ltw.iwidl shock Iouding
md lhc subsonic rcstric[ion on disl(xit[im Ilmtioll requiring the generation and storage of it larger
disl(xii[ion density during [hc shock pnmss [1]’irl for q(liisi-stilti~ pmccsscs/2/, “I”hc incrcuscd dcfc~t
s[or:lgc :mli post-shock ll]c~h~r]i~ill rcsp(msc (d’ si)ock-l(xu-!cti rnc[:lls with incrcming shock pressure hits
Ixcr) linked to IIN incrc;lsirlg strilir) r:l[c qy)lic(i [o Ihc tn:llcri,ll. [r] tllc. ~.ils~of copper sh(xk lwI(.ic.1 to I (1
(il’ii [hc hi~tl riIICS during the sh(wk rise m r~lil[d [() [hc s(lt)r):lrlosc(’orl(l” riw[imc of the sh(xk pUISC. ‘Ilis
high I(mling r;ltc ]cwls tow] inl]x)scd s[r;lirl rx[c (JI lhc (mlcr of I(W to lox sl. ‘1’hc highcsl Strillll-riltC [CSls
(d~[;lin;ltic hv r](~rl-stl(~’k cxp~~rillwil[s ;Iru Ilc;ir I (P \ I ;Imi c;lr] lx (hmc ir) [IN spli[-] h)pkir]son bar. Dirclml
l“(mpilris(m ;)f 1111’(Ic’forlllilliorl” Ilm’h:lrlisllls ir] Illc’w twl lcsls is Colllllli Uil[C(l by filLmtorS SUL’11 it!+: 1 ) ttlC
illhcrcrl[ slrcss-rkwcrs:li I(xulirlj: p:lth rl:lturc 01.:;l I(K’k rww)t’t”ry Cxl)crir]lcnls, 2) lhc difl”crcncmc in [hr s[rcsh
51;IICIw[wccll [Ilc I]r]i;lxi;ll-slr;lil] \ll(K-lh S illlll llrliilxiil l- Stl_(’SS split-l lol)kirlsorl” I)ilr ICSIS, illltl 3) tll~ IW() (w
r]]f)[c (mlcrs of tll:l~:rlilu(lc (liffcrc’rl~.c irl smirl I’ill(’ Ixtwccrl [hc Iwo lrsts,
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heating is minimal, yet the quasi-isentropc slill Iics above the I{ugoniot /6/. In this paper Ihc influence of
loading ra[: during shock loading on the defccl gencriuion and s[orii~~ proccsscs lliis bccIl examined in
01-E copper. Shock-recovery experimental [cchniques have been utilized 10obtain smmplcsthat have been
impacwd 10a 10 GPii i~ndI&sec Amticm over a risctimc mngc from <1 ns to 1 W.

I%c influence of loading path on the post-shalt su-ucuxdproperty behavior Ofcopwr Wf.Sil~vestiga~~ by
impacting OFE copper with three different impactor configurations. These include: (1J 2.36-mm-~hick
coppr impactor impacting a mppcr assembly at518 rds to generate a 10 Gl% shock in a single sw, (21a
multiple shock experiment with a composite plexiglm#copper impactor yielding a step-loading wave to 10
GPa peak pressure, and (3) a -1 KSramp loading wave to 10 GPa utilizing a composite ‘“pillow”/3/
copper impactor. Chamcteristics-code culculmicms were utilized to design t.hcexperiments. The thickness
of [he copper portion of the symmetric or composite impactor was adjusted to mitintain a constant 1 ~sec
puke duration for all three loadjng pmhs. Figure 1 shows a schematic illustration of the variation in
loading-waves, and coincident variation in stmin rates with the three different impactor configurations.

Single Shock Stcp:l,oac!ing wave using Ramp Loading Wave

I

using Cu Impactor Composite Irnpactor using Pillow Impactor

I
m <111sm
g 1“!Wimc Risctime
m

Time

I;ig, l.- !khcm:llic drilwing of thrw different Io;uling pilths studied.

‘I”hcmotiwltion for studying [hcsc Il]rcc different lo;ldil~g ;xuhs wits to identify the v:wious fuctors
illllucmcillg dishw:llilm m[)liwl ill lhc “stl~K’k” prtu’css. “k symmrh-ic imp:wl rxpcrim!nls h:lVC IIIC lilrgCSI
slrcss gr;dicl]l illl(l sll(w[csl risclimc (< I II S). I;tw [hc stcl}-loil(lirlg cxpcrimcnls the ])~ilk pressure is
ilIIUillL’d ltmmgh il scrirs of S111:111Sll(x’ksm ‘1’Iw risc[imc (few IN) f~f[IICSCsillilllcr shtu”ks is Iilr$cr l~t’ilus(m
(d” Ik dm”rc;lsd illlll)lif[i(l~ [)f IhCit](!ivitlllillshtxks, ill}(l:Ils[}tl]c slrcss ~:ril(!il’titsilt’c sm:dk’r f[w IIIC silii]C
rl’wmm (“l Mll[lilri SIUl of tncw Iwo cx[wrillml[s will ilIustrilll* [hc impm:lmx’ t~fIhc lllil{:llitU(lL! of [tic SlrCSS
g. il(lilmlllh in [111’s!l(k’li fll)lllm “Ill’ rilllll~ WilVL’ cxpcrilimls W“tl’[1~1111”t[~L’XillllillC ltlC II)IC slrnin rillC l)lilyS in
[II(”~:rm’tillioll C}f(l! Sl{Killi(N)S, “IIIC slr:lin rilll’ ill Ihl!sc cxlwimmls is Illrw {Mdclx (d’ Illill!llilll(k’hs Illilllill
Ihc [Ilhcr lwt~ lylws t~fcxpcrimtwlsi ‘1’hr(mj:llIIICuulqxllis[m [}f thr cxprrilllcn[s i[ is Iulpcd il hctlcr
mulwwm!ing (d’ [he (liSl[k’illi(Ml Iww:lli(m ill IhC “ShiX”k” llllKYSS L“illlIU’ mliml,



2.54 -mnl-thick cover pla[c. llt>ltl c[3111]]c)nclllswcrcligtltly fi[illlo a[mrcdrccess (Jf:17[J -t:~llcrti, 12.7-
rnm-thicli, ccnml momentum disc. “I’t~cs;l[llplc w’aspr~>tt~ctcd from spalltilicm by Ixluking lhcccnlra]
nlomcn[um disc with a 3.8-mm-O)ick spdl plate. The cccIt.ral disk and sp:lll plate were furhr surrounded
by two ~oncenwic momentum tr:ipping rings wi~h outside diameters of 69.H and S2,5 nml. The ccnmd
momentum disc, outer momentum trapping rings, and spa]] plate were fiibricxttcdfrom jdmsphor bronze to
help ensure “soft” recove~. Soft rccovw-y and simultaneous cooling were achieved by dccclcrating the
centritl momentum disc in a w;itcr cu[ch chamber posi[ioncci immcdiatc]y hchind (Iw impact area.
Utilization of the techniques dcscribcd yielded samples with a rcsidunl strain (defined here cs [hc change in
sample [hickness divided by the stinting sample thickness) of <2%. A dcmilcd description of the
importance of “soft” shock recovery techniques to post-shock structure / property behavior and detailed
techniques utilized have been previously published /7,8/.

Compression specimens were electro-discha.rgc machined ~DM) from the shock-loaded disk to allow post-
i[npact measurement of the reload yield behavior. The compression axis was parallel to the shock
direction. Samples for transmission elect.ron microscopy (TEM) were seaioned, through thickness, from
the shocked disk in a airection normal to the impact surface. The TEM samp]cs were purposely not
sectioned near the smnple surfiices becnuse of the known influences of contact smxcs on the dislocation
substructure dircc[ly adjoining the suti~ce/$/. Discs 3-mm in diilmetcr were punched and electropolishai in
it solution of 20% HN03 and methanol at -4(YJC, using 12 volts in a !lwuer’s Elect,ropolishcr. Observation
of the foils wits done using a JEOL 2000EX” zt 200kV. Characterization of th,e deformation substructures
was performed using a const;m[ [ 110] 7,(N1caxis to keep constant the number of visible disloea[ions
conuibuting to the imitgc.

Figure 2 shows the rcloud compression t:uc stress-true st.min response of shock-lotidcd copper illustrating
the effect of Ioitding rate on the post-i[nptict rncchmtical response. Ramp loading is seen to result in
increased shock hardening (post-shock yield of -2G0 MP@ com a.red to s mmctric loading (220 MPa) or
[he step-loading (-200 MI%), The -20 MPiI yield difference LKtwcen t e symrnetric-lomling and step-
Ioading is considered beyond cxpcrimcn[nl error suggesting it rriay be real. Further experiments are
required [o quantify the diffcrcnccs bc[wccn tlw single shock and mu]tiplc shfwk-lo:lding of [he samples.

‘Ile (Icfonnu[i(m subs[ructurc il] all ~hrce Iowiing-rate expcrimctits consisted of dislociltinn CCIIS, In the 10
GPil syt, nc[ric-(h c:wc, the substruu[urc wiIs Sccil to consist of Iooscly-tnnglcd dislocation cells,
npproxim;ltcly ().4 pm in di:lmctcr, wilh numerous clislomtion loops interspersed within the ccl] interiors
illld ccl] walls(l:igurc 3). “l-hisolwm:ui(m is similm with m:my substructural ObSCIVilliOll S in lhc litcrWre
OnCC]] fonll:l[ion ill SIIIK”k-](XldCd higt]-s[:lcking fi~l]][ cncryy (!;FE) single-crystn] il[l~i polyctys[illlinc I:CC
[l~tills /9/. ‘Ilw fomu~[i(m of disl(w:i[i(m CCIISin shock-l(wlrd copper is cm]sistcnt wi[h the relatively high
S1;l~of c(}ppcr, whictl ilidS c“ross-slip :111(1[h(YCl)j CCII f( mtionm 311c substmturc of the sicp-lcmkd
S;llllplc il]S() c(msislcd tjf ,lisl~~’:llion cells, hiwcvcr, the ~cll Wil]l!j WCP.’found tc) IX Illore well-dcfind in
i~p[)Cillllll(T (I;i~llK’ d), h~illly ill(ii Vi(!ll:ll (!i Sl(lC;l[iOllS ilnd (ii SkK’il[i(}l! IO(IPSCilll il]S(] !~ r(X(l]vL!d Wi[hi[] [hc
L’1’11W’:IIIS f~mlwd it) Illc’ SIL’[)-loil(!L’(l S:III II)IC. I;illillly, [Ilc rillll;)-lo;ldC(l Snmplc exhibits very well-defined
L*cIIWNIISwi[tl N lli~:ll dc[lsity (lf(iisl[w;l[iotl twtw(wks in the w;ills (I;igurc 5). Ill il(ldi[ioll I(J tllc dell.W UCII
Willl stru(i[urc. is(d:ll(’(1 tiisl{w;lli(m I[xq)s were still (d~scrvcd within Ilw cell interiors. II{lth the rcloxd
mc(.h;lni{’;llilll(l sulm[ru(.lure rcsp(msc supp(m 111(!11)11~’cp[t)f ill] illUI’L’ilSC(l[Itll(}llllt of (Iisl(h:lli(m S!(Milgl’
rcsulling froth Iilllll) I(dil]g, Qu;lli[:l[ivuly, [his I)os[-sl)ock” Iwhilvii)r is c(msislcn[ with [lIL- sllo~k-w:lvc
(Iillil sh{twing II IL*~]il;lsi-is~.t]lr(~lw lying :Ilxwc tllc Ilug(mi(!t,
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Fig. 2.- Stress-strain response of copper loaded [o 10 GPa M a function of Ionding rate.
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In the I p-rise for the riill~p loading case, given the stimc dislom[ion velocity, Ihc dismncc traveled is
-ZWpm. In a hctivily dcfommd metal with a dislocation density (p) of 101~ cm-z [hc distimcc bctwcat
disloca[iqns is approxinx]tely p-1/z or in this case 0.1 )lm. In [he ctise of the shock, [hc approximate
distance t-hedislowtion cm move is of the si;lilar order of the dislocrition spacing and considerably smtdlcr
than the grain size in most polycrystals. Conversely, in [he rump-loading impact, while the total number of
d~slocittions required to tichicvc the applied strain-rate is much lower, tht chance of dislocations
intersecting either ofher dislmations or griin boundaries is significantly higher.

Fig. 5.- Well-defined dislocation cells formed in ra.mp-loaded Copper.

‘Ilc grcii[ly iwrc;lsul disl{w;l[iotl-dislocd[ioil i:~tcrac[ions arc cxpcc[cd :0 Icnd [o incrcitscd dislocation
[:mgling ilnd Ihcrchy illCrCilSCLj smtin h,micning. In wddition, in ramp Io:lding, the immmcd time (i.e.
k]wcr s[r:tin riltc), should illso inCrcilsc the to[iil defect SIOriigC during the sh~k I)y fil~ili[i~tii]g more CXOSS-
slip, which is ;i [llcnll:~lly-:ictiv: i[cd process, Incrcmcd OU[of slip-plane dislociltion mo[ion should grcittly
rmkc [hc :Im(mnt of rosily rcvcrsihlc (.iiSIOCil[i(,)llmotion illld imnihilatim during Ilk! rCl(!ilSC portion Of lhC
shock cyc’]~, In the ~ilsc of [hc shock, the SINM-Itrtivcl distnnccs of n Iitrgc numhcr of dislmmions will
filV(M mm rcvwrsibility wld illlllihilil[i(lll of diSloCil[i(’NIS il[ lhcir SoutWS. As postukwd, this mode] would
prcdkq CIlh;IIKd ({islo~.;l[iot)” storitgc udcr (I(]:lsi-isc[l[r[)l)ic Imding c~ll]p:lrc(l [O shock loiding, This
diffcrcnuc shtwld IX ttxltlifcslcd :Iftcr both the sh(K’K rise, in line with the W;lVC-IMl)ftlC dillil, :Ind following
:hc rclc:lsc, L.onsi:;tt’nt will) the rccxwcry fin(!ings in this sludy, “IIIC CUITCIII CXjK!tillKlllill rcsulls illso
suggest IIM1 tlw illl”luclll”c (;f l)lils[i~ flow ill [W(J distinct dirccti(ms durink IIW sh(x.k r~’lcilsc process,
lllilu~’m’illg(Icfctmlsl[wl}:c, whit-i] wc firsl il]lnxlm. cd in rcg;mls to pulse dllrillit)tl Cl”l-CL’[S/l(l/, “Ilis sltwin
rcv(~rsll)l]ltv II I;Iy 1~ lllf”lll~llc.illg ll]ill~y Il)orc iss(l~s of shfwk I)ch;lvior [I);ltl wc initi:ll]y i~t][i~’il)il[d.

A(ltliti(u~;ll ~tmlics [lcii~:tjr(l [1)pr(dw ii rill]~:C ()!” l:mlill~! p:ltlls (N1i~ nl;ltrix [~f nxltcri:l!s will IN Lstm(lNLwd [(~
Stlt(lv III(* itlll~lclll’c tlf Iim(litlg ~);lllls ~]11s[rul-lure / Imqwrty tK’hilViorm.

‘~, Sllllllllilf”j’.



dislocation CCIISand numerous dislocw[ion loops. The cfiec[ of loading rim on post-shock subs[ructurc
tind mechanic:d response of impacted copper is posndatcxl to be diree[ly rekued 10the anwu’lt of dislocation
motion before interilc[ion wi[h other dislocations and to tk amount of reversible dislociltion mo[ion and
rcsuhm imnihiliition during the rarcfaction potion of the shock-release cycle.
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